Leukocytes rolling on selectins extrude thin membrane tethers that might stabilize rolling velocities despite marked alterations in wall shear stress. To test this hypothesis, we used differential interference contrast videomicroscopy to visualize formation and breakage of membrane tethers as neutrophils rolled on P-selectin under flow. Neutrophils rapidly increased tether number as wall shear stress rose and decreased tether number as wall shear stress declined. Membrane tethers invariably accompanied slower, more uniform rolling steps that translated into lower mean rolling velocities and variances in velocity. Unexpectedly, neutrophils, but not fixed cells or microspheres bearing selectin ligands, rolled progressively more slowly and uniformly over time. Scanning electron microscopy revealed that neutrophils developed larger, more complex tether structures as they rolled for longer periods. These data provide evidence that neutrophils stabilize selectinmediated rolling by rapidly adjusting tether number in response to changes in wall shear stress. Gradual remodeling of tether architecture may further reduce rolling velocities, facilitating integrindependent deceleration and arrest on inflamed vascular surfaces.
B
inding of selectins to their glycoconjugate ligands initiates most adhesive interactions among leukocytes, platelets, and endothelial cells in response to injury or infection (1) (2) (3) . Lselectin is expressed on leukocytes, E-selectin is expressed on cytokine-activated endothelial cells, and P-selectin is expressed on activated platelets and endothelial cells. The major leukocyte ligand for P-selectin and L-selectin is P-selectin glycoprotein ligand 1 (PSGL-1), a homodimeric mucin that is located on the tips of microvilli.
Selectins support rolling adhesion, during which leukocytes may integrate additional signals that lead to integrin-dependent arrest and emigration into inflamed tissues (4) . Rolling requires rapid formation and breakage of adhesive bonds. The wall shear stresses in the circulation apply forces to these bonds, which affect their dissociation rates and thus their lifetimes. At low flow rates, increases in wall shear stress slow bond dissociation and prolong bond lifetimes, properties of catch bonds (5, 6) . Catch bonds enable L-selectin-dependent rolling at threshold shear (7) and might enhance rolling on P-selectin and E-selectin at very low flow rates (5) . Further increases in wall shear stress accelerate bond dissociation and shorten bond lifetimes, properties of slip bonds (8) (9) (10) (11) (12) .
As wall shear stress rises, the progressively shorter lifetimes of slip bonds are predicted to cause rolling velocities to rapidly increase until the cells detach (13) . Indeed, this shear-dependent increase in rolling velocities is exactly what occurs when selectin ligand-coupled microspheres flow over immobilized selectins (12, (14) (15) (16) (17) . In vivo, however, leukocytes roll stably in a narrow range of velocities despite wide variations in wall shear stresses (18, 19) . This stable rolling allows leukocytes to roll for longer periods, increasing the opportunity to receive signals that promote integrin-dependent adhesion (20) . In vitro, leukocytes and ligand-coupled K562 cells also roll stably on selectins over a broad range of wall shear stresses (12, 13) . By contrast, fixed cells roll like ligand-coupled microspheres, with velocities that steadily increase with wall shear stress until the cells detach (12) . Thus, shear-resistant rolling requires fixation-sensitive cellular properties that seem to decrease the effective forces applied to selectin-ligand bonds (12, 21) . One potential contributing feature is the deformation that rolling cells undergo as wall shear stress rises (19, 22) . This deformation flattens the contact area between the cell and the adhesive substrate, increasing the probability that new bonds will form. However, the contact area enlarges only 2-fold at a wall shear stress as high as 20 dyn͞cm 2 , suggesting that this is not the only mechanism to stabilize rolling (22) .
Micropipette experiments have demonstrated that force applied to PSGL-1 can extend a microvillus or extrude a long, thin membrane tether from a neutrophil (23) . Neutrophils rolling on purified P-selectin or on P-selectin on adherent platelets also pull long membrane tethers (21, 24) . Tethers form and retract rapidly, and some tethers break and deposit membrane fragments on the substrate. Long tethers are predicted to reduce the angle of an adhesive bond at the trailing edge of a cell and therefore lower the force applied to the bond. In turn, lower force should prolong the lifetime of a slip bond at a given wall shear stress. Long tethers might also favor multiple bonding, which will reduce the average force per bond and therefore also increase bond lifetime. Nevertheless, the hypothesis that tether formation stabilizes rolling has not been critically tested. Leukocytes rapidly adjust to increases or decreases in wall shear stress to maintain stable rolling characteristics. If tethers are important contributors to this phenomenon, they must quickly alter their rates of formation and breakage as wall shear stress changes. There should also be a direct correlation between tether formation and slower, more uniform rolling.
In vivo, leukocytes that initially roll through selectins can then engage integrins with their ligands as they roll (20, 25) . Such cooperative interactions provide a transition period during which rolling velocities decrease before the cells arrest on the vascular surface (4, 20, 25) . An unexplored possibility is that leukocytes might also roll slower on selectins over time, even before integrins become engaged. Time-dependent changes in tether architecture could conceivably contribute to this process.
In this study, we examined the dynamic features of tethers as neutrophils rolled on P-selectin. We measured tether formation rate, tether number, tether duration, and tether morphology as a function of wall shear stress and the duration of rolling, and correlated these measurements with rolling properties. Our data provide evidence that rapid alterations in tether properties are This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: DIC, differential interference contrast; PSGL-1, P-selectin glycoprotein ligand 1; sPSGL-1, soluble PSGL-1.
an important mechanism to stabilize leukocyte rolling in response to changes in wall shear stress. We also demonstrate that neutrophils exhibit a time-dependent stabilization of rolling that correlates with dramatic changes in tether morphology.
Methods
Proteins, Cells, and Microspheres. Human neutrophils were isolated from healthy volunteers (26) . Transfected Chinese hamster ovary cells expressing ␣1-3-fucosyltransferase VII, core 2 ␤1-6-N-acetylglucosaminyltransferase I, and full-length human PSGL-1 were prepared as described (10) . P-selectin was isolated from human platelet membranes (27) . Recombinant soluble PSGL-1 (sPSGL-1) biotinylated at its C terminus was captured on streptavidin-coated polystyrene microspheres (6-m diameter) (12) .
Real-Time Imaging of Membrane Tethers. Membrane tethers formed by cells rolling on P-selectin were visualized in real time by differential interference contrast (DIC) videomicroscopy as described (24) . Briefly, neutrophils (10 6 per ml in Hanks' balanced salt solution containing 0.5% human serum albumin) were rapidly perfused (8 dyn͞cm 2 wall shear stress) into a rectangular capillary tube coated with P-selectin at a concentration estimated to yield a density of 100-120 sites per m 2 (12) . Flow was then stopped to allow the cells to settle. Rolling was initiated by resuming flow at wall shear stresses of 2, 6, or 8 dyn͞cm 2 . At each wall shear stress, 25 rolling cells were individually tracked frame by frame for 15 s. In some experiments, cells were continuously tracked as wall shear stress was sequentially shifted between 2 and 8 dyn͞cm 2 . Tether duration was measured from the time that the tether was first observed until it detached from the surface and retracted toward the cell body. Images were visualized with a Zeiss Axiovert 200 inverted microscope by using a ϫ63 (1.40 numerical aperture) oil immersion objective lens. Data were captured at 30 frames per second with a cooled charge-coupled device (CCD) camera (DAGE-MTI CCD-300) and recorded on a SVHS recorder (Sony SVO-9500 MD). Some images were contrast enhanced with background subtraction by using an Argus 20 image processor (Hamamatsu Photonics, Hamamatsu City, Japan).
High-Resolution Imaging of Membrane Tethers. Neutrophils or PSGL-1-expressing Chinese hamster ovary cells were perfused over immobilized P-selectin (60 sites per m 2 ) in a parallel-plate flow chamber. Images were captured by phase-contrast videomicroscopy with a ϫ20 objective as described (10) (11) (12) , except that P-selectin was adsorbed on 22 ϫ 60-mm plastic coverslips (Nalge Nunc). Cells were introduced into the chamber at 2 dyn͞cm 2 and allowed to roll for 30-45 s. Cell-free Hanks' balanced salt solution lacking human serum albumin was then introduced at 2 or 8 dyn͞cm 2 for either 30-45 s or 5 min. Rolling cells were then fixed by introducing 2% glutaraldehyde in Hanks' balanced salt solution at 2 or 8 dyn͞cm 2 , respectively. Fixed cells were dehydrated by sequential incubation with graded methanol solutions and then dried in liquid carbon dioxide by using a critical point dryer (Autosamdri 814). The fixed cells were mounted on bulk specimen holders (JEOL), coated with 60:40 gold͞palladium by using a Hummer VI sputter coater, and viewed with a JEOL JSM880 scanning electron microscope under 15-kV accelerating voltage. The lengths and widths of tethers were measured by using METAMORPH software (Universal Imaging, Downingtown, PA).
Velocity Measurements. Velocities of cells or sPSGL-1-coupled microspheres rolling on P-selectin (30 sites per m 2 ) were measured by tracking an individual cell or microsphere frame by frame in the direction of flow (10, 11) . In some experiments, neutrophils were fixed with 1% paraformaldehyde before use. In other experiments, neutrophils were continuously incubated with 10 g͞ml IB4, a blocking mAb to ␤2 integrins (28) . For each condition, 60 cells were tracked for 5 s to yield a total observation time of 300 s. The frame-by-frame velocity data were used to calculate the mean velocity and the variance of velocity for each cell or microsphere over the 5-s period. The pooled data from all cells or microspheres were used to calculate the mean velocity and variance of velocity for the cell or microsphere population. For cells analyzed by DIC microscopy, at least 25 cells were tracked for 15 s to yield a total observation time of at least 375 s. The frame-by-frame velocity data were separated into two groups: the first group comprised all frames in which a membrane tether was observed, and the second group comprised all frames in which a membrane tether was not observed. The mean velocity and variance of velocity for each group were then determined. For cells analyzed by phase-contrast microscopy, the effect of rolling time on rolling velocity was determined as follows. Cells were allowed to settle on the flow chamber floor for 30-45 s. Cell-free buffer was then introduced at various wall shear stresses. Rolling velocities were determined 30 s and 4 min after introducing cell-free buffer. In some cases, velocities were also measured at several intermediate intervals.
Results

Rolling Neutrophils Rapidly Adjust Tether Number in Response to
Changes in Wall Shear Stress. In vitro, free-flowing neutrophils do not attach to immobilized P-selectin at shear stresses more than Ϸ3 dyn͞cm 2 , but they do roll if they are first allowed to attach at lower shears. To analyze tether properties over a broad range of wall shear stresses, we therefore allowed neutrophils to settle on P-selectin adsorbed to the flow chamber floor and then rapidly increased the flow rate to initiate rolling at wall shear stresses of 2, 6, or 8 dyn͞cm 2 . Tether formation and breakage was analyzed in real time by using DIC videomicroscopy. To provide higher-resolution images of tethers, we fixed neutrophils as they rolled and analyzed them by scanning electron microscopy. Both methods readily detected tethers, and multiple tethers seemed to form more commonly at higher shear stresses (Figs. 1 and 5) .
To quantify tether formation, we used DIC videomicroscopy to count all tethers formed by groups of cells during the first 15 s of rolling at each shear stress. Virtually all neutrophils formed at least one tether Ͻ10 s after beginning to roll at 2 dyn͞cm 2 and Ͻ5 s after beginning to roll at 6 or 8 dyn͞cm 2 ( Fig. 2A) . The total number of tethers that each cell formed during the 15-s interval rose with wall shear stress (Fig. 2B) . Consequently, neutrophils rolling at 6 or 8 dyn͞cm 2 exhibited at least one observable tether Ͼ80% of the time (Fig. 2C) . Tether length did not vary significantly despite changes in shear stress. Moreover, mean tether duration was similar at all three shear stresses (Fig. 2D) . This observation suggests that individual tethers formed more bonds Fig. 1 . Neutrophils rolling on P-selectin form membrane tethers. Representative neutrophils were observed by DIC videomicroscopy. The cell rolling at 2 dyn͞cm 2 extended a single tether, whereas the cell rolling at 8 dyn͞cm 2 extended three distinct tethers (arrowheads). (Scale bar, 2 m.) or that cells extended more than one tether at a time as shear increased; either would reduce the average force per bond and thus stabilize bond lifetime. To directly examine tether number as a function of wall shear stress, we used frame-by-frame analysis to measure the instantaneous tether number in a group of rolling cells that underwent serial oscillations in shear stress between 2 and 8 dyn͞cm 2 . At 2 dyn͞cm 2 , neutrophils usually exhibited either no or one tether, yielding a mean tether number less than one. At 8 dyn͞cm 2 , neutrophils virtually always had at least one tether and frequently extended two or three tethers. Significantly, tether number rapidly increased as shear stress rose and then rapidly decreased as shear stress diminished (Fig. 2E and Movie 1, which is published as supporting information on the PNAS web site). These data demonstrate that tether formation quickly adjusts to changes in wall shear stress.
Tether Formation Correlates with Slower, More Uniform Rolling. We used frame-by-frame analysis to correlate rolling properties with the presence or absence of membrane tethers. Fig. 3A depicts the instantaneous velocities of a representative neutrophil as it rolled on P-selectin for 15 s at a wall shear stress of 2 dyn͞cm 2 . The cell rolled with characteristic oscillating motions as new bonds formed at the leading edge, were subjected to force as they moved to the trailing edge, and then broke, allowing the cell to pivot on newly formed bonds upstream. A bond, or bond cluster, that lasted long enough to withstand the maximal force and torque applied by wall shear stress caused the cell to stop, reducing the instantaneous velocity to zero. If the bond dissociated prematurely, the neutrophil accelerated again before it could stop. Strikingly, membrane tethers were usually observed during periods of slower and more uniform motions. Tether breakage coincided with a return to faster and more irregular motions, with fewer stops. To quantify this behavior, we measured frame-by-frame velocities and observable membrane tethers for groups of cells, each rolling for up to 15 s at one of three wall shear stresses, yielding hundreds of events. For each cell group, the mean rolling velocity and the variance in velocity, a measure of rolling stability, were determined in the presence or absence of observable tethers. At 2 dyn͞cm 2 , neutrophils rolled with similar mean velocities in the presence or absence of tethers (Fig. 3B ), but they rolled with lower variances in velocity when tethers were observed (Fig. 3C) . Even when shear stress rose to 6 or 8 dyn͞cm 2 , mean rolling velocity and variance in velocity remained nearly constant when tethers were present, but both parameters increased markedly when no tethers were detected. These data demonstrate that neutrophils roll more slowly and Rolling neutrophils rapidly adjust tether number in response to changes in wall shear stress. (A-D) Neutrophils were observed by DIC videomicroscopy during the first 15 s after they began to roll at the indicated wall shear stress. The percentage of cells that formed at least one tether (A), the total number of tethers that each cell formed (B), the percentage of time that cells exhibited a detectable tether (C), and the mean tether duration (D) were measured during the entire 15-s interval. The data represent the mean Ϯ SEM of five experiments. P values were measured by using Student's t test for unpaired samples. (E) Eleven different rolling cells were monitored continuously as wall shear stress oscillated between 2 and 8 dyn͞cm 2 . The number of tethers that each cell displayed was counted frame by frame (30 frames per second). The mean number of tethers displayed by the group of 11 cells for each frame is shown. Because of the lengthy observation period, the data from many frames in a contiguous interval coalesce into a single symbol. stably when they extend tethers, especially at higher wall shear stresses.
Neutrophils Roll More Slowly and More Uniformly Over Time. While examining tether formation shortly after cells began rolling, we noted that neutrophils that rolled for longer intervals developed lower velocities and more uniform rolling steps. We quantified this unexpected phenomenon with comparative frame-by-frame analysis of groups of cells that had rolled for Ͻ1 or Ͼ4 min. Remarkably, both mean rolling velocities and variances in velocity were significantly lower in cells that had rolled for the longer period at either low or high shear stresses (Fig. 4 A and B) . Rolling velocities began to decline as early as 30 s after rolling commenced, particularly at higher shear stresses (data not shown). Inclusion of Mg 2ϩ -free buffer, which inhibits ␤2 integrin function, or a blocking mAb to ␤2 integrins did not prevent time-dependent slowing of rolling, demonstrating that engagement of activated ␤2 integrins did not contribute to this phenomenon. Transfected Chinese hamster ovary cells expressing PSGL-1 also rolled more slowly on P-selectin as rolling time increased (data not shown). In marked contrast, neither fixed neutrophils nor sPSGL-1-coupled microspheres developed slower or more uniform motions after rolling for the longer interval (Fig. 4 C and D) . These results demonstrate that fixation-sensitive properties enable cells, but not rigid microspheres, to roll more slowly and more stably over time.
Neutrophils Form More Complex Tethers Over Time. DIC videomicroscopy did not reveal detectable changes in the sizes of tethers that formed as cells rolled for longer times (data not shown). The higher resolution of scanning electron microscopy, however, demonstrated marked alterations in the architecture of tethers formed by cells that rolled for longer periods. At both moderate and high wall shear stresses, neutrophils that rolled for Ͼ4 min formed larger and more complex tethers (Fig. 5 B and D) than those formed by cells that rolled for Ͻ1 min (Fig. 5 A and C) . The tether base was thicker and wider on cells that rolled for longer periods. These time-dependent morphological changes were particularly pronounced for cells rolling at high shear stress, where cells displayed long, broad tether bases that often extended multiple thin individual tethers (Fig. 5D and data not shown). Multiple measurements confirmed that cells that rolled for longer periods extended significantly longer and wider tethers (Fig. 5 E and F) . These data demonstrate a close correlation between the time-dependent increase in tether complexity and the time-dependent increase in rolling stability.
Discussion
We have demonstrated the dynamic nature of tether formation by neutrophils rolling on P-selectin. The number of tethers increased or decreased in parallel with increases or decreases in wall shear stress. Tether formation tracked closely with slower, more uniform rolling velocities at both low and high wall shear stresses. This finding strongly supports the contribution of tethers to maintaining stable rolling even when shear stress varies greatly. Furthermore, tethers enlarged and developed more complex structures as neutrophils rolled for longer periods. This alteration in tether architecture correlated with a previously unrecognized ability of neutrophils to roll even more slowly and uniformly with time.
Earlier studies of neutrophil tether formation were limited to a narrow range of relatively low shear stresses that permitted Fig. 4 . Neutrophils roll more slowly and more uniformly over time. Neutrophils or sPSGL-1-coupled microspheres were allowed to roll on immobilized P-selectin for Ͻ1 or Ͼ4 min at the indicated wall shear stress. The mean velocities and variances in velocity for cell populations rolling at each condition were determined. (A and B) Unfixed neutrophils rolling on P-selectin. (C and D) Fixed neutrophils or sPSGL-1-coupled microspheres rolling on Pselectin. For each panel, the data represent the mean Ϯ SD of three experiments. P values were measured by using Student's t test. f lowing cells to attach to adherent platelets or to adsorbed P-selectin before they began to roll (21, 24) . We allowed neutrophils to settle on the P-selectin surface before resuming f low so that rolling could be initiated at both low and high shear stresses. This method markedly extended the shear range in which tethers were observed, under conditions that may be physiologically relevant. In vivo, leukocytes are compressed against capillary walls, which might position them to roll immediately on P-selectin or E-selectin as they enter postcapillary venules where these molecules are expressed. Neutrophils rapidly formed tethers, especially at high shear stresses. Virtually every cell formed at least one tether within 10 s after starting to roll. The percentage of time that cells extended a visible tether increased with wall shear stress. Significantly, tether length and tether duration remained nearly constant as shear stress increased. By contrast, previous studies found that neutrophils rolling on isolated adherent platelets or platelets translocating on immobilized von Willebrand factor extruded tethers that increased in length and decreased in duration as wall shear stress rose (24, 29) . In these studies, each cell formed a single tether that was the sole attachment site, such that the body of the cell remained suspended above the flow chamber floor downstream of the tether. Under these conditions, a rise in shear stress would increase the force on the tether, which would augment its growth rate but decrease its lifetime. Under our experimental conditions, a neutrophil continued to roll on the P-selectin substrate as it extended a tether. A new bond formed at the leading edge of the cell could become a second growing tether as it received applied force at the trailing edge. At higher flow rates, cells extended multiple tethers, which distributed the greater force over all tethers and therefore reduced the force on individual tethers. Thus, rapid adjustment in tether number provides a mechanism by which selectin bond number increases with shear to maintain stable rolling velocities (12, 13) . Importantly, the process is dynamic, allowing tether number to increase when shear stress rises and decrease when shear stress falls. Measurements of frame-by-frame velocities for hundreds of cell motions strongly supported the functional importance of tethers in stabilizing rolling. At any wall shear stress, mean rolling velocities and variances in velocity were significantly lower when tethers were observed. This finding provides quantitative support for previous observations of selected cells, which rolled slower when they extended a tether and then recoiled and moved faster when the tether broke (21, 24, 29) .
The remarkable ability of neutrophils to roll more slowly and more uniformly over time was unexpected, given the many previous studies of selectin-dependent cell rolling in vitro, where this phenomenon was not noticed. Rolling velocities declined sufficiently rapidly to be relevant to the observed rolling times of neutrophils in vivo (25) . The time-dependent enhancement of rolling stability required cellular properties; fixed cells and ligand-coupled microspheres did not lower their rolling velocities over time. It was not due to inadvertent activation of ␤2 integrins, because inclusion of Mg 2ϩ -free buffer or a blocking mAb to these molecules did not prevent the decline in rolling velocities. It was not limited to leukocytes, because PSGL-1-expressing Chinese hamster ovary cells also rolled slower on P-selectin over time. Higher densities of cells or microspheres increase hydrodynamic collisions that can also reduce rolling velocities (30) . However, this phenomenon did not account for the time-dependent stabilization of rolling that we observed, which occurred with unfixed cells but not with microspheres, and under conditions where the density of rolling cells remained constant.
Further studies are required to determine whether signaling initiated by engagement of PSGL-1 on neutrophils or transfected cells contributes to the gradual stabilization of rolling. However, the process need not require active signaling. As cells rolled longer, they developed striking changes in tether architecture that might enhance rolling interactions. The tethers were longer, and the bases of tethers were wider and thicker. Over time, cells form, break, and retract multiple tethers. Tether extrusion requires the membrane bilayer to break at least some attachments to the underlying cortical cytoskeleton (23, 31, 32) . Some tethers might retract incompletely, yielding extra membrane at the cell body with weaker connections with the cytoskeleton. New tethers pulled from such areas might grow at faster rates, because less force would be required to disrupt attachments with the cytoskeleton, and these tethers might retract even less completely. This weaker connection to the cytoskeleton should cause tethers to become gradually f latter, wider, and longer as cells continue to roll, even at a constant wall shear stress. These complex tethers have a broader surface area that facilitates formation of multiple bonds. In essence, such large tethers represent a complement to local deformation of the cell body to increase contact area (22) . Large, complex tethers were especially evident after cells rolled for a longer interval at high wall shear stress, a condition where even more tethers form and break over time. Taken together, these observations strongly suggest that progressively more complex tethers contribute to the time-dependent stabilization of rolling.
Neutrophils rolling through selectins require a sufficiently long transit time through postcapillary venules to integrate signals that activate integrins, which further slow rolling and convert rolling to firm adhesion (4, 20, 25) . The abilities of neutrophils to rapidly adjust tether number in response to shear stress and to develop more complex tethers as they roll likely represent important mechanisms to stabilize rolling so that the cells can integrate additional signals. We have demonstrated that neutrophils dynamically form and break tethers as PSGL-1 on neutrophil microvilli binds to and dissociates from immobilized P-selectin. Leukocytes likely also extrude tethers through L-selectin-or E-selectin-dependent interactions, and it is conceivable that integrin-dependent interactions promote tether growth. Thus, tether formation may be a general process that ensures shear-resistant rolling and then assists the transition from rolling to arrest. Furthermore, tethers severed from the cell body may be important contributors to microparticle formation (33, 34) and to the deposition of membrane fragments that nucleate L-selectin-dependent rolling on the vessel wall (35) .
